The fatigue life assessment of orthotropic steel decks of highway bridges still hasn't been sufficiently investigated.
Introduction
Service life of structures in case of fatigue is called fatigue life. It is defined as the predicted period of time to cause fatigue failure under the application of the design spectrum. Several reasons point to the fact that the fatigue life of orthotropic steel deck as a member of highway bridge can be shorter than the fatigue life of its other members. One of the reasons is that orthotropic steel deck is a member that directly participates in supporting traffic load while its self-weight is relatively low. Taking into consideration the fact that the influence surfaces are short in length means that every wheel on a vehicle causes a change in stress that can achieve significant intensity. While inspecting highway bridges damage was identified on orthotropic steel decks as early as after 25 years in service [1] . This damage manifests itself as cracks in critical details. Today's philosophy of reliability verification for structures subjected to fatigue is conducted separately from static design. In reliability verification in static design the durability of each member of such system is considered equal. Thus, this durability is obtained by maintaining and repairing each particular damage. This means that damage is external and can be repaired, so Depends on degree of inspectability, repairability and damage tolerance.
that it is basically reversible. The fatigue issue assumes that the occurrence of damage is internal i.e. that it is a structural problem so that the damaging represents an irreversible process. The European standard EN 1990 gives the target values of reliability indices for different limit states, which are related to the reference period of 50 years. The target value of reliability index for the particular limit states including fatigue limit state, according to [2] , are given in Table 1 . For the fatigue limit state and reliability class RC 2 structural members target reliability index values vary from β = 1.5 to 3.8 depending on inspectability, repairability and damage tolerance. However, the choice of target reliability index β for fatigue in EN 1990 is not recommended more accurately. For this reason, for analysis in the paper both limits of target value of reliability indices are adopted. In the case that the detail of the orthotropic deck is available to inspection and repair in accordance to damage tolerant assessment method [3] , the target value of reliability index should be adopted as β = 1.5 for reference period of 50 years. On the other hand, if analyzed detail is not available to inspection and repair in accordance to safe life assessment method [3] , the target value of reliability index should be adopted as β = 3.8 for reference period of 50 years. Target values for fatigue for different reference periods of 50 years [2] shall be calculated by interpolation according to:
In the expression (1) the designations are as follows: β is the reliability index for a reference period of n years, β 1 is the reliability index for one year. Target values of reliability indices for different reference periods are shown in Table 2 . Further development of the European standard for structures could be directed towards solving the problem of reliability in the case of assessment of fatigue life, with an entirely probabilistic approach. The standardised procedure for determining the fatigue life applies Miner's hypothesis of damage accumulation. According to this hypothesis when total accumulated damage reaches the value 1.0, the fatigue life of the structure is deemed to have been reached. However, the question is how to determine reliable fatigue life for which there is no recommendation in Eurocode. The paper analyses the fatigue life of critical details of highway bridges with orthotropic steel decks. To be able to determine a reliable fatigue life it is necessary to ensure against failure with a certain reliability level. This reliability level is defined by target reliability indices as shown in Figure 1 . This means that the reliable fatigue life of particular details of orthotropic steel deck is defined by reaching target values of reliability indices for fatigue.
Analysed details of orthotropic deck
The fatigue life of orthotropic steel decks has been analysed for details shown in Figures 2 and 3 . Detail 1 shown in Figure 2 represents a joint of the orthotropic deck troughs between transverse beams. The butt weld of the extension can be either with or without flush grinding.
In EN 1993-1-9 [3] this detail has been classified in the detail category 71. Details 2 and 3 shown in Figure 3 represent two types of support of orthotropic deck trough on transverse beam. In the first case, detail 2, is concerned with the continuous passing of a trough through transverse beam which has been classified according to the European standard in the detail category 71 [3] . Detail 3 represents separate troughs on each side of the cross girder and in the European standard it has been classified into the detail category 36 [3] . Detail 3 is no longer in use in practice, and is used in order to show its unsatisfactory behaviour.
Geometrical characteristics of the cross section of the trough, static system and the analysed sections of the system are further explained in the text bellow. 
Load models
In the analysis two fatigue load models have been applied on highway bridges. According to [4] the first model, so called RH model, concerns the traffic in Croatia and is shown in Table 3 . This model is based on statistical data on real traffic in the territory of Croatia and has been formed so that according to its structure and vehicle classification it corresponds to the fatigue load model 4 from EN 1991-2 [5] . The second model, the EN model for the analysis, represents the highway bridge fatigue load model 4 from EN 1991-2 and is shown in Table 4 .
In both models an additional amplification factor ∆ [5] has been included. This factor can be adopted in a simplified manner as ∆ = 1 30, for sections spaced at less than 6 metres from the expansion joint. Both described models will be applied in the analysis with regard to two traffic categories. The first traffic category adopted in EN 1991-2 with 0.5 × 10 6 heavy vehicles per year tallies with an average highway in the Croatia. The second applied traffic category has also been adopted in EN 1991-2 with 2 × 10 6 heavy vehicles per year and tallies with the modern highway traffic in Europe.
The influence of the wheel position in a transverse direction
The statistical distribution of the vehicle position in the transverse direction, Figure 4 , clearly demonstrates the fact that troughs are not completely loaded during each pass of the vehicle [5] . This statistical value is influenced by the type of vehicle, the pavement condition, the traffic lane width etc. Owing to this fact the total load of the trough of the orthotropic steel deck can be reduced with the adoption of the transversal distribution of the vehicle weight.
According to [6] this factor can achieve values between 0.8 and 0.95. The designation of this factor is ω 1 , and the value adopted in the analysis is 0.86 [7] . 
Determining the influence surface of trough of orthotropic deck
Since the analysis for determining the stress variations is conducted on a simple static model, i.e. on a continuous beam of one trough of orthotropic deck, the factor ω 2 should be introduced to reduce variations in stress under the influence of surrounding troughs. The impact surface of the trough can be simply divided into influence lines in both longitudinal and transverse directions. It is assumed that the influence lines are affined in longitudinal and transverse directions. In that case it is sufficient to consider influence lines in transverse direction i.e. to determine a percentage of the total load of a wheel that is distributed on surrounding troughs in transverse direction. The characteristic value obtained from the analysis of the influence surface of trough is factor ω 2 . This factor can be defined as a proportion between bending moment that is calculated in longitudinal direction for orthotropic deck M and the bending moment of the trough considered as a continuous beam M . In that case the factor ω 2 is:
In the expression (2) the designations are as follows: ω 2 transverse influence value of the moment in trough owing to the position of a wheel in a transverse direction at distance , M bending moment of a deck which depends on the position of a wheel at distance from the referential trough, M bending moment of completely loaded trough as a continuous beam system. Based on the data obtained from parameter variation a) to e) according to [7] the following can be concluded:
• All forms of obtained lines ω 2 are similar in shape,
• At distance = 100 cm from the referential trough the wheel load does not effect it any more,
• For the span centre ω To simplify in the conducted analysis factor ω 2 is adopted with value 0.8.
Taking in consideration the double slope of the fatigue strength curve
If the calculated fatigue life of an element is based on the regression line of resistance represented by the uniform slope , the calculated fatigue life is shorter and gives higher reliability. It is considered that if a third of stressrange spectrum exceeds point (∆σ D , N D , Figures 5 and 6 ) then obtained fatigue life can be considered a realistic assessment. However, in many cases 80% and more ∆σ from the stress-range spectrum lies under the constant amplitude fatigue limit ∆σ D , and therefore the appertaining equivalent stress range value ∆σ is a conservative assessment. In that case a correction of equivalent stress range ∆σ is recommended. One of the possible ways of correction is proposed according to [7] , as follows: b) The stress-range spectrum is split in relation to ∆σ D to upper and lower part so that for each spectrum part equivalent stress ranges ∆σ and ∆σ can be calculated. The surfaces under the corresponding probability density function F and F can be determined, Figure 5 . 
e) From durability N 1 according to Figure 7 the reduced value ∆σ is determined and the correlation factor ω 3 = ∆σ /∆σ that can be generalised as:
The integral limits A, B and C and the designations in expressions (3), (4) and (5) are defined in Figures 5, 6 , 7.
If Beta density function is adopted for the stress-range spectrum, which is reasonable, than the numerical value of factor ω 3 that takes into consideration the double slope of the fatigue strength curve can be obtained. In that case it depends on the form parameters, coefficient values C = ∆σ D /∆σ and the slope angle of the fatigue strength curve = 3 and = 5. 
Fatigue limit state function
The general form of the fatigue limit state function in which a functional relation between basic variables of load and resistance is given according to [8] can be written as follows:
In the expression (6) the designations are as follows: D ( ) Miner's coefficient (assumption, mean value = 1.0, COV = 0.14), N ( ND ) product of ND (the chosen value for a certain reference period which depends on the type of structure) and E[ ] (the expected average number of cycles in a unit of time i.e. the chosen value of reference period ND ), N C number of cycles 2 10 6 , ∆σ C fatigue strength related to number of cycles N C , m slope of the linear regression line (fatigue strength line), E[∆σ ] function which depends on probability density function of stress range spectrum.
In case of choosing Beta probability density function to show a stress-range spectrum the fatigue limit state function is obtained. By solving this function the reliability indices are obtained as operating values of failure probability. For the case with only one slope m of S-N curve the fatigue limit state function is:
= 0 (7) In the expression (7) the designations are as follows: ∆σ maximum stress range, Γ(.) Gamma function, α 1 , α 2 parameters of Beta probability density function.
Due to simplification it was adopted only one slope of S-N curve m. In accordance with this simplification the limit state function was formed. The fatigue life for the details 1, 2 and 3 has been analysed in the paper whereas the reliability has been additionally calculated only for the detail 1. In this way for the detail 1 (weld with or without flush grinding) reliable fatigue life was determined. Based on the limit state function according to (7) , in which the statistical data of basic variables have been incorporated with the use of the STRUREL [9] software package, the reliability indices β have been calculated.
Fatigue life assessment
The geometry of the analysed trough of the orthotropic deck and the static system are shown in Figure 8 . The analysis has been conducted on three details as described in the section 2. The fatigue life of the detail 1 has been analysed considering different positions in the trough. The fatigue life of details 2 and 3 has been analysed on the transverse beam position at point A, Figure 8 . Analyses have been conducted with the previously described load models for highway bridges on the static system of the continuous beam shown in Figure 8 . Based on these analyses the bending moments have been obtained for sections at point A and at distances 0.2L and 0.25L from point A. The moments based on passing of a representative vehicle 1 from the load model for highway bridges in the Croatia has been shown in Figure 9 . When bending moments for all stated sections and load models for highway bridges were obtained, counting of moment differences ∆M was undertaken. These moment differences correspond to the stress ranges ∆σ . It is known that the procedure of counting stress histories can be carried out using several methods. In this paper the cycle counting of stress histories has been conducted using the reservoir method recommended by the European standard EN 1993-1-9 [3] .
In Table 5 stress ranges can be seen for the section 0.25 L from the support A and the RH load model for one passing of each particular vehicle, n = 1.
Based on the calculated stress ranges ∆σ and factors ω 1 and ω 2 the equivalent stress ranges ∆σ 0 have been calculated for each particular vehicle according to [7] . In that case ∆σ 0 is obtained according to the expression:
To determine the equivalent stress ranges ∆σ of all vehicles in the model, a total of 5 vehicles, the following expression will be used:
In the expression (9) the designations are as follows: share of k-type vehicle from a particular model, ∆σ 0 equivalent stress range on passing of k-type of vehicle from a particular model. In Table 6 the calculated equivalent stress ranges ∆σ for the RH and EN fatigue load models are shown. Since the factor ω 3 depends on the relation of the equivalent constant amplitude stress range ∆σ and the fatigue limit for constant amplitude stress range ∆σ D , specific values ω 3 are obtained based on their dependence according to [7] . The total number of stress ranges in the structural detail is calculated according to the expression:
Taking into consideration the total number of stress ranges and the average annual highway traffic (AAT ), the fatigue life of the structural detail category is calculated according to:
If the stress ranges below the cut of limit are neglected, slightly greater durability is obtained. For example, for detail 3, fatigue load model RH and traffic category with 0.5 × 10 6 heavy vehicles per year fatigue life is 45 years instead of 44 years. After fatigue life calculation of the observed details, the reliability indices β were calculated for the detail 1 at distance 0.25 L, to determine reliable fatigue life. Calculation of reliability index was conducted for the calculated fatigue life of that detail to determine whether this particular calculated fatigue life is reliable or not reliable. In this analysis the limit state function has been used according to expression (6) and the statistical data on the basic variables according to Tables 10 and 11 . Comparison of calculated reliability indices β for detail 1 with target reliability indices for damage tolerant assessment method and safe life assessment method are given in Tables 12 and 13 . Based on this comparison calculated fatigue life, Table 7 , has been classified into reliable or not reliable fatigue life.
Discussion
The calculated fatigue life of the joint of the orthotropic deck trough, i.e. of detail 1 for the RH load model is 53 years (Table 7) . However, if we adopt the EN load model, the fatigue life can be reduced even to a value of 7 years. In both cases the analysis has been conducted for AAT of 2 × 10 6 vehicles per year. The obtained results show that in current traffic conditions in Croatia, the fatigue life for that detail is relatively acceptable. However, for the adopted traffic according to EN 1991-2 such fatigue life is short and unacceptable if we take into consideration the design fatigue life of 100 years according to EN 1990. Therefore, the results of this analysis shall be taken into consideration in the execution of the orthotropic steel decks of highway bridges. The analysed cross section in which detail 1 has been executed is placed at 0.25 L from the transverse beam. However, by choosing the section location greater than 0.25 L (e. g. 0.5 L) the fatigue life would be even shorter.
Regarding the analysis of fatigue life of details 2 and 3, the obtained results have shown that the execution of continuous troughs of orthotropic deck, Table 8 , is always more acceptable than the execution with the trough intersection at transverse beam, Table 9 . As shown in Table 9 extremely short fatigue life of only 2 years has been obtained for the EN model. These facts point to the extreme importance that shall be paid to routine inspections of the orthotropic steel decks. The solution to this problem could also be found in introduction of the damage tolerant concept. According to that concept, identifying a crack does not imply that the fatigue life of the critical detail has been reached. Moreover with the methods of the fracture mechanics in fatigue for which the structural characteristics of the material of a higher level shall be known it is possible to calculate an annual increase in crack spreading all the way to the fracture of the element.
Fatigue life refers to the period in which the level of reliability is not taken into account. This level is defined with a target value of reliability index β which is for the case of fatigue limit state defined in Figure 1. To check the reliability level of fatigue life probabilistic analysis was conducted. Reliability indices β for detail 1 were calculated for two cases. In the first case the butt weld of the orthotropic deck trough extension is without flush grinding, whereas in the second case the flush ground weld. For both cases statistical data of basic variables have been adopted from [10] , Table 10 . The analysis was conducted for the periods of calculated fatigue life which is, in the case of the calculated reliability index, greater than the target called reliable fatigue life, and in lower Hereinafter only the calculated reliability indices will be commented on, according to the EN load model for highway bridges. The reason for this is in the fact that in Croatia there is growth in a traffic volume, which has a tendency to reach the European traffic volumes.
The first indicator points to the fact that it is absolutely necessary to execute welds that are flush ground (detail 1) i.e. a technological procedure that allows it should be foreseen. This indicator is based on the calculated reliability indices that in case of the flush ground weld assume a greater value than in one without flush grinding. An important indicator is that in the case of damage tolerant assessment method, according to 
Conclusion
According to different sources, the results of inspection on orthotropic steel decks details point to the fact that the fatigue life of the orthotropic steel deck can be shorter than the life of other structural elements of highway bridges that are also subjected to fatigue. Structural details of orthotropic steel decks have been analysed for the real load models in Croatia and the standardised load model for highway bridges in Eurocode. Considering the short calculated fatigue life of detail 1 (for the RH and EN models) routine inspections are recommended to detect damages i.e. to identify occurrence of cracks. Equally, one of the possible solutions is to introduce the damage tolerant concept in the analysis, based on the fact that it is possible to monitor the rate of crack growth all the way to the fracture point, or in other words to the end of the fatigue life. In execution of the orthotropic steel decks the solution with the separate trough on each side of the cross girder (detail 3) should be avoided; the execution of a continuous trough (detail 2) is a far better solution from the aspect of construction of the fatigue-subjected trough. After selection of β for fatigue life the standard procedure should be updated and extended with the concept of reliable fatigue life. In this way it is possible to classify the calculated fatigue life into reliable or not reliable. Further research has to be absolutely focused on the revision of the details that are analysed here for the purposes of making a choice of target values of reliability index β in fatigue limit state.
